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Abstract 
 
DEVELOPMENT OF REALISTIC STIMULI FOR THE EVALUATION OF LISTENING 
EFFORT USING AUDITORY EVOKED POTENTIALS 
By 
 
CHRISTIE HOO YEE LEUNG 
 
 
Advisor: Brett A. Martin, Ph.D., CCC-A 
 
Purpose – Listeners often report difficulty perceiving speech in background noise, such as when 
listening in a restaurant. A common complaint of difficulty perceiving speech in noisy 
restaurants leads to the development of the present study, where audio recordings of connected 
discourse mixed with restaurant noise at different signal-to-noise ratios were made to determine 
the effect of restaurant noise on listening effort. Listening effort has previously been examined 
with psychophysiological measures, a dual-task paradigm, and qualitative measures using a 
variety of auditory stimuli ranging from simple tonal stimuli to complex speech stimuli, such as 
consonant-vowel syllables, words, and full sentences, but never in the context of a conversation. 
Real-life restaurant noise has also never been used in research study. The central goal is to 
develop realistic stimuli using real-life conversations that can potentially be used for an 
electrophysiologic study to determine the effect of background noise on listening effort. Three 
different conversations with each focusing on a particular topic (food, animals, and locations) 
were developed. Each conversation contains 25 high- and 25 low-probability target words. The 
incorporation of high- and low-probability target words in the connected discourse allows the 
exploration of the effect of predictability in conversations on psychophysiological recordings (P3 
and N4). A framework of a potential study utilizing the realistic stimuli with a dual-task 
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paradigm and measurement of auditory evoked potentials (P3 and N4) for the evaluation of the 
effect of background noise on listening effort is also proposed and pilot data applying this 
framework to one research subject is presented. The use of real-life conversations in varying 
restaurant noise for the evaluation of listening effort is a novel approach and has potential to 
inform clinical practice by providing an ecologically-valid means to assess the difficulties 
experienced in difficult, but realistic listening situations.  
Key Words: listening effort, electroyphysiologic measures, dual-task paradigm, subjective 
questionnaire, NASA Task Load Index 
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1 
Introduction 
Listening effort refers to the application of attentional and cognitive resources to auditory 
tasks, such as detecting, decoding, processing, and responding to speech (Bess & Hornsby, 2014; 
Bologna et al., 2013; Desjardins & Doherty, 2013; Downs, 1982; Feuerstein 1992; Hicks & 
Tharpe, 2002; Seeman & Sims, 2015; Tun et al. 2009). According to the framework for 
understanding effortful listening (FUEL) (Pichora-Fuller et al., 2016), listening effort varies 
according to how individuals perceive the demand of the tasks as well as their motivation to keep 
listening and not give up trying to perceive the speech message. When high effort is needed for 
perception of other tasks, the additional listening effort required to understand the speech 
message causes fatigue (Hockey, 2011).  
Listening effort has previously been measured using digits (Houben et al., 2013; Howard 
et al., 2010; Mackersie & Cones, 2011; Murata et al., 2005), words (Downs, 1982; Choi et al., 
2008; Hicks & Tharpe, 2002; Hornsby, 2013; Howard et al., 2010; Sarampalis et al, 2009), and 
sentences (Bernarding et al., 2012; Bertoli & Bodmer, 2014; Desjardins & Doherty, 2013; 
Feuerstein, 1992; Gosselin & Gagne, 2011; Johnson et al., 2015; Koelewijn et al., 2012; Krueger 
et al., 2017; Mackersie et al., 2000; Mackersie et al., 2015; Rönnberg et al., 2011; Seeman & 
Sims, 2015; Ward et al., 2017), but never in the context of a conversation. Although connected 
speech was used in Rakerd et al. (1996) and Käthner et al. (2014), they were excerpts from The 
Britannica Junior Encyclopedia (Rakerd et al., 1996) and stories from the Arabian Nights 
(Käthner et al., 2014), instead of realistic conversations. In addition, listening effort was not 
assessed based on subjects’ understanding of the passage content in the two studies. Instead, the 
use of connected speech was to manipulate mental workload so that listening effort could be 
assessed by evaluating subjects’ performance on the other task. 
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A common complaint of difficulty perceiving speech in noisy restaurants leads to the 
development of the present study, where audio recordings of connected discourse mixed with 
restaurant noise were made to determine the effect of restaurant noise on listening effort.  
There has been increased interest in the research literature on the impact of noise on 
listening effort (Howard et al., 2010; Johnson et al., 2015; Koelewijn et al., 2012; Martin & 
Stapells, 2005; Picou et al., 2013; Seeman & Sims, 2015; Zekveld et al., 2011). The perception 
of speech in the presence of background noise requires additional listening effort compared to 
listening in quiet. In order for speech to be perceived in noise, it must be audible. Audibility 
alone is not sufficient, however. In addition, the listener must selectively attend to the speech and 
remember the information (Desjardins & Doherty, 2013).  When the speech is unclear, the 
listener must use contextual cues and top-down strategies to decipher the message and respond 
appropriately. In challenging listening situations, such as in the presence of background noise, 
some portions of the speech are masked and/or degraded. As a result, more cognitive processing 
is required on the part of the listener for perception, which means that the processing of speech in 
noise is more cognitively demanding and requires more concentration or “effort” (Desjardins & 
Doherty, 2013).  
For example, Howard et al. (2010) investigated the effect of signal-to-noise ratio (SNR) 
on listening effort in children using a dual-task paradigm. The primary task was word 
recognition at 65 dB SPL in quiet and in a background of children’s babble presented at a SNR 
of +4, 0, and -4. The secondary task involved recalling sets of five digits visually displayed on a 
monitor after the primary task was completed in each condition. Performance on the digit recall 
task decreased from 70% at +4 dB to 40% at -4 dB, suggesting that listening effort increases for 
more difficult listening conditions.  
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A lack of consistency and standardization across published studies on listening effort 
calls for the need for a common conceptual framework for listening effort (McGarrigle et al., 
2014; Ohlenforst et al., 2017). There is a lack of studies in the literature that incorporate realistic 
stimuli using real-life conversations on the evaluation of listening effort. Real-life restaurant 
noise has also never been used in research study. The use of connected discourse, specifically 
conversation involving multiple people, requires subjects to manage a larger cognitive load and 
involves higher language functions. It is also more practical in assessing listening effort by 
providing an ecologically-valid means to assess the difficulties experienced in difficult, but 
realistic listening situations.  
I. Aims 
The overall goal is to develop realistic stimuli using real-life conversations for use in 
neurophysiologic studies of listening effort using P3 and N4 that are appropriate for examining 
the effects of realistic background noise on listening effort. A framework for a potential study 
incorporating these ecologically valid stimuli and noise which includes the use of auditory 
evoked potentials and dual-task paradigm for the evaluation of listening effort is proposed.  
II. Literature Review 
Listening effort required in difficult listening conditions has been quantified via 
quantitative and qualitative methods. Quantitative methods used to evaluate listening effort 
include behavioral dual-task paradigms (Desjardins and Deherty, 2013; Desjardins and Deherty, 
2014; Fraser et al., 2010; Gosselin, & Gagne, 2010, 2011; Hornsby, 2013; Howard et al., 2010; 
Lewis et al., 2016; Picou et al., 2013; Rönnberg et al., 2011; Sarampalis et al., 2009; Ward et al., 
2017), pupillometry (Engelhardt et al., 2010; Koelewijn et al., 2012; Koelewijn et al., 2015; 
Kuchinsky et al., 2013; McGarrigle et al., 2017; Miles et al., 2017; Ohlenforst et al., 2017; Wang 
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et al., 2017; Zekveld et al., 2010, 2011), eye movement tracking (Ben-David et al., 2011), and 
galvanic skin response and electromyographic activity (Mackersie & Cones, 2011; Seeman & 
Sims, 2015; Mackersie et al., 2015). In addition, it has been suggested that electrophysiological 
measures, including mismatch negativity (Korczak et al., 2005), N1 (Bertoli & Bodmer, 2014; 
Boksem et al., 2005; Miller et al., 2011; Ullsperger et al., 2001), P2 (Miller et al., 2011), and P3 
(Käthner et al., 2014; Miller et al., 2011; Murata et al., 2005; Ullsperger et al., 2001) may reflect 
listening effort. Qualitative measures involve the use of subjective questionnaires, which 
evaluate the listeners’ perception of task demand and/or listening effort required for a particular 
task. These various measures of listening effort are described in the following sections.  
Dual-task measures of listening effort 
Dual-task paradigms have been used for a number of years to measure listening effort in 
adults and children (Bess & Hornsby, 2014; Broadbent, 1958; Downs, 1982; Downs & Crum, 
1978; Hicks & Tharpe, 2002; Howard et al, 2010; Hsu et al., 2017; Rabbitt, 1966; Rakerd et al., 
1996; Seeman & Sims, 2015; Ward et al., 2017). Dual-task paradigms usually involve concurrent 
testing in two different sensory modalities. Some dual-tasks involve speech recognition in 
combination with the recall of visually presented digits (Howard et al, 2010), with tactile 
recognition (Fraser et al, 2010; Gosselin & Gagné, 2011), with a visual reaction-time task (Hicks 
& Tharpe, 2002; Sarampalis et al, 2009), or with a visual sequencing task (Ward et al., 2017). 
The dual-task paradigm assumes that performance on the primary task utilizes the majority of the 
available mental capacity, and performance on any secondary task utilizes any remaining mental 
capacity (Gosselin & Gagné, 2010). Accordingly, in listening situations requiring high listening 
effort, greater cognitive resources are required for the primary task and, as a result, there is 
reduced performance on the concurrent secondary task. Therefore, declines in secondary task 
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performance are interpreted as reflecting increased listening effort (Downs, 1982), regardless of 
whether primary-task performance is affected.  
Two studies of listening effort incorporating a dual-task paradigm are directly relevant to 
the proposed work. Seeman & Sims (2015) measured listening effort by applying a dual-task 
paradigm in normal-hearing adults. Participants were required to simultaneously listen to and 
repeat back sentences derived from the Speech-in-Noise (SIN) Test (Etymotic Research, 1993) 
presented at +5 and +15 dB SNR (primary task) while also completing a visual letter-
identification task (secondary task) where they were asked to push a button each time a target 
letter was visually displayed on a computer monitor. Listening effort was determined based on 
percent correct performance for the speech recognition task along with reaction time (RT) data 
for the visual alone condition and when the visual task was performed in the combined +5 and 
+15 dB SNRs. Although the accuracy data revealed that performance on the speech recognition 
task was comparable at the two SNR levels, RT was longer at 447.24 ms (SD = 65.40) in the +5 
SNR condition compared to 427.23 ms (SD = 46.77) at the +15 SNR condition, suggesting that 
increased listening effort was required for higher levels of background noise. Given the effect of 
background noise on listening effort in this study, the developed auditory stimuli will be 
presented in a dual-task paradigm in quiet as well as at 2 SNRs (+6 and 0 dB) in the proposed 
study framework to assess if similar findings would be observed.  
Another study that used a dual-task paradigm to evaluate listening effort incorporated a 
speech intelligibility task and a word recall task (Johnson et al., 2015). For the primary task, 
normal-hearing participants were asked to listen and repeat the last words of sentences from the 
Revised Speech Perception in Noise Test (R-SPIN). Difficulty of the task was manipulated by 
varying key word context (high and low predictability) and SNR (−4 dB, −2 dB, 0 dB, and 2 dB). 
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After every five sentences, participants were required to repeat the last five answers they gave 
(secondary task). Results showed that mean speech intelligibility scores and word recall 
performance deteriorated with decreasing SNR, particularly when contextual information in the 
sentence had low predictability. Recalling fewer key words is reflective of increased listening 
effort (Pichora-Fuller et al., 1995). This finding demonstrated that more listening effort was 
required for the perception of sentences in decreasing SNR and with less linguistic context 
(Johnson et al., 2015). Whether more listening effort is required for the perception of connected 
discourse in varying levels of background will be assessed in the proposed study framework. 
High and low probability target words are also included in the developed auditory stimuli to 
examine if subjects require more listening effort to process information with low predictable 
context.  
Psychophysiological measures of listening effort 
A wide variety of psychophysiological measures have been used to quantify listening 
effort, including pupil dilation (Engelhardt et al., 2010; Koelewijn et al., 2012; Koelewijn et al., 
2015; Kuchinsky et al., 2013; McGarrigle et al., 2017; Miles et al., 2017; Ohlenforst et al., 2017; 
Wang et al., 2017; Zekveld et al., 2010, 2011), skin conductance and electromyogenic responses 
(Mackersie & Cones, 2011; Seeman & Sims, 2015), and heart-rate variability (Mackersie et al. 
2015; Seeman & Sims, 2015). Listening effort can often be measured by physiological reactions, 
which are thought to reflect psychological distress experienced by the listener (Mackersie & 
Cones, 2011; Mackersie et al., 2015). Increased listening effort may be a psychophysiological 
reaction to stress (Mackersie & Cones, 2011), or at least a response to that stress. The presence 
of a physical, mental, or emotional stressor results in the activation of the autonomic nervous 
system and endocrine system, which may or may not be accompanied by an emotional reaction 
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to the stressor (Staal, 2004). Increased activity in the sympathetic branch of the autonomic 
nervous system may result in measureable physiologic changes including changes in respiration 
rate, cardiac activity (e.g. heart rate, blood pressure), skin conductance, electromyography 
(muscle tension), skin temperature, and pupil diameter (Andreassi, 2007). Adverse listening 
conditions increase task difficulty and attentional demand required from the listener. The 
increased human stress response can result in measurable physiologic changes. 
Several studies using physiologic measures to evaluate listening effort inform the 
framework and study described here. Zekveld et al. (2011) assessed listening effort by means of 
pupillometry, which is the examination of pupil dilation, while asking participants to repeat 
sentences in three SNRs. As the noise level increased, performance decreased and the decrease in 
performance was accompanied by a systematic increase in pupil dilation, suggesting increased 
listening effort. Thus, increases in pupil dilation are associated with poorer speech intelligibility 
and greater mental effort (Zekveld et al., 2011).  
Mackersie & Cones (2011) examined heart rate, skin conductance, skin temperature, and 
electromyographic activity (EMG) during a digit repetition task. Subjects repeated digits in three 
conditions, which varied in terms of task demand.  In the first task, single digits were presented 
to one ear (low-demand reference condition). In the second task (single dichotic digit task), 
different digits were simultaneously presented to each ear (medium demand), and in the third 
task, two different 2-digit pairs were simultaneously presented to both ears (high demand). There 
was a significant increase in skin conductance and EMG activity as task demand increased. In a 
later study, Mackersie et al. (2015) measured sentence recognition by participants with and 
without hearing loss in quiet and in babble noise (−6, −3, 0, and +3 dB SNR) while monitoring 
two autonomic nervous system measures: heart-rate variability and skin conductance. Heart-rate 
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variability is defined as the moment-to-moment fluctuations in heart rate (Mackersie et al., 2015). 
Results showed that participants with hearing loss had higher skin conductance reactivity to 
babble noise across the range of SNRs and lower high-frequency heart-rate variability only at the 
poorer SNRs than participants with normal hearing. These findings were consistent with greater 
task load/stress, suggesting that listeners with hearing loss show greater stress-related autonomic 
nervous system activation and use more cognitive resources for speech recognition than do 
listeners with normal hearing.  
However, Seeman & Sims (2015) showed results that contrasted with Mackersie et al. 
(2015). Seeman & Sims (2015) measured HRV while subjects were involved in a diotic-dichotic 
listening task of increasing task complexity alone or a speech-in-noise (SIN) test alone. In the 
diotic-dichotic listening task, subjects were asked to repeat digits in similar low, medium and 
high demand tasks as Marckersie and Cones (2011). In the SIN test, subjects had to repeat 
sentences derived from the original Speech-in-Noise (SIN) Test (Etymotic Research, 1993) 
presented at 15, 10, 5, and 0 dB SNR. A pretest condition was carried out for quantifying the 
response baseline for all psychophysiological measures. Heart-rate variability was similar to 
baseline for the diotic digit task but increasing for the dichotic single- and double-digits tasks. 
For the SIN test, heart-rate variability was greater in the two poorest SNR conditions but similar 
to baseline for the higher SNR conditions. Together, results suggested greater heart-rate 
variability for increased task complexity and for poorer SNRs (Seeman & Sims, 2015). This 
result differed from Mackersie et al. (2015), which found lower heart-rate variability for poorer 
SNRs. The contrastive results between the two studies could possibly be attributed to the means 
of stimulus presentation. Whereas Mackersie et al. (2015) presented the sentences monaurally, 
Seeman & Sims (2015) utilized binaural presentation.  
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Auditory event-related potentials (ERPs) have also been used to index listening effort. 
They are transient series of voltage oscillations in the brain in response to a variety of auditory 
stimuli ranging from simple tonal stimuli to complex speech stimuli, such as consonant-vowel 
syllables, words, and even target words in full sentences. Speech-evoked auditory ERPs provide 
insights into the cognitive processes that underlie the identification and discrimination of speech 
(Korczak et al., 2005; Martin et al., 1997; Whiting et al., 1998). They provide measures of the 
sequence, timing, and synchrony of auditory processing at different levels within the brain 
(Martin et al., 1997).  
In the presence of background noise, audibility is reduced and speech perception requires 
more effort and more cognitive processing. In background noise, there is a reduction in ERP 
amplitudes and an increase in ERP latencies (Martin et al., 1997; Martin et al., 1999; Martin & 
Stapells, 2005; Whiting et al., 1998). Martin et al. (1997) investigated the effects of decreased 
audibility produced by high-pass noise masking on cortical ERPs (N1, N2, and P3) to the speech 
sounds /ba/ and /da/ in normal hearing adults. Subjects were instructed to fixate on a small dot in 
front of them at eye level and to press a button as soon as they heard the deviant stimulus of /ba/ 
or /da/. Responses to the speech sounds were obtained in quiet, in broadband noise, and in 250-, 
500-, 1000-, 2000-, and 4000-Hz high-pass noise. Results showed that masking noise had a 
differential effect on the N1, N2, and P3 waves. When stimuli were audible, N1 was elicited. N2 
and P3 were elicited only when stimuli were both audible and discriminable. Later waves 
showed greater reductions in amplitudes and more prolongation in latency compared to earlier 
waves. Thus, these results suggest a larger effect of the masking noise at higher levels in the 
auditory system. P3 was highly correlated with behavioral measures of discrimination, with 
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direct relationships between behavioral measures of percent correct discrimination and P3 
amplitudes and between behavioral measures of reaction time and P3 latencies.  
Whiting et al. (1998) and Martin & Stapells (2005) adopted a similar experimental design 
with the use of broadband noise and low-pass masking noise, respectively. ERP (N1, N2, and P3) 
latencies increased and amplitudes decreased as noise masker level increased (Whiting et al., 
1998). According to Whiting et al. (1998), the effects of decreasing SNR were apparent for 
latencies before effects on amplitudes were apparent. Thus, the authors concluded that ERP 
latencies are more sensitive indicators of the masking effects compared with ERP amplitudes.  
P3 (also known as P300), a large, broad, positive component in the ERP that typically 
peaks 300 ms or more after the onset of a rare, task-relevant stimulus, is commonly elicited in 
the oddball paradigm in which sequences of repetitive standard stimuli are infrequently 
interrupted by a deviant stimulus. The recordings of P3 require subject participation such as 
button-press responses to a deviant stimulus in a regular train of standard stimuli. P3 not only 
reflects a listener's ability to discriminate different stimuli, but also indicates the recognition of a 
target stimulus within the sequence (Näätänen, 1992). P3 is only present when the target stimuli 
are audible and behaviorally discriminated (Martin et al., 1997; Martin & Stapells, 2005; Picton, 
1992; Whiting et al., 1998). Stimuli that would normally elicit a P3 fail to do so when they are 
ignored or when attention is directed away from them (Hillyard et al., 1973; Duncan-Johnson & 
Donchin, 1977). Whereas P1, N1, and P2 predominantly reflect the obligatory encoding and 
early processing of sound, P3 reflects additional processing and requires discrimination. As a 
result, it is of potential interest as an index of processing and listening effort. 
The P3 component is useful to identify the depth of cognitive information processing 
(Picton, 1992). P3 amplitude, strongly related to task difficulty, task priority or emphasis, the 
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level of attention, and subject’s level of confidence in the performance, reflects the depth or 
degree of cognitively processing the stimulus (Katayama & Polich, 1998; Kok, 2001; Murata et 
al., 2005; Picton, 1992). It varies with the amount of conscious attention paid to target stimuli 
within a sequence of repetitive standard stimuli (Katayama & Polich, 1998; Kok, 2001; Murata 
et al., 2005; Picton, 1992). It is the most prominent, with the largest amplitude, when the subject 
is attending to the stimuli and certain of the perception of targets, whereas it becomes smaller 
when the subject is distracted from the stimuli (Picton, 1992).  
Incremental changes in the perceptual/cognitive difficulty of a behavioral task increase 
the demand for listeners’ attention to the stimuli. As task difficulty increases, P3 amplitudes 
decrease (Käthner et al., 2014; Miller et al., 2011; Ullsperger et al., 1986). Ullsperger et al. (2001) 
and Miller et al. (2011) examined the effect of task difficulty on P3 as a measure of listening 
effort in normal-hearing adults. Ullsperger et al. (2001) explored the utility of P3 for the 
assessment of mental workload with the use of a dual-task paradigm. Subjects were first 
involved in a baseline measure in which they were presented with three types of auditory stimuli 
(80% 1000 Hz tones, 10% 2000 Hz tones, and 10% novel sounds) while P3 was measured 
simultaneously. They were asked to count the rare 2000 Hz tones and to report their mental 
count at the end of the phase. Subjects then performed gauge monitoring (Gauge) and mental 
arithmetic (Math) separately and together. In the “Gauge” task, they monitored six continuously 
moving gauges and reset each of them once its cursor reached a critical zone. For the “Math” 
task, arithmetic problems were visually presented and subjects had to speak out the solutions. 
Subjects were then required to perform both tasks simultaneously in the dual condition. P3 
amplitudes showed a dramatic decrease from baseline to all other task conditions, indicating high 
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mental workload during separate and simultaneous performance of tasks Gauge and Math. The 
P3 became indiscernible and was not significantly different between the three task conditions.   
Another study also examined the effect of increasing task difficulty on P3 measures. 
Miller et al. (2011) asked participants to perform a visual-motor task, the game Tetris, under two 
levels of difficulty and in a third condition to simply view the game. The game became more 
difficult due to an increased rate of speed with which the game pieces fell. Throughout each 
condition, they were intermittently presented with a set of novel, task irrelevant, auditory stimuli 
(e.g. a woman coughing, the sound of breaking glass) to elicit ERP components. Results revealed 
an inverse relationship between incremental changes in task load and P3 amplitude. The mean 
amplitudes of P3 were the largest when subjects viewed the game and decreased significantly 
when they played the game, and as the game became more difficult. This finding suggests that 
P3 is a reliable index of mental workload with changes in task difficulty and that mental 
workload increases with increasing task difficulty. In the proposed study framework, P3 
amplitude will be analyzed in conjunction with a dual-task paradigm to measure the effect of 
background noise on listening effort, which would be reflected by a reduction in P3 amplitude 
with decreasing SNRs. 
P3 latency has been found to reflect the temporal aspect of cognitive processing of the 
stimulus and it varies with the difficulty of discriminating the target stimulus from ongoing 
stimuli (Katayama & Polich, 1998; Murata et al., 2005; Picton, 1992). It is prolonged when the 
discrimination task becomes difficult and the stimulus is cognitively and acoustically difficult to 
process (Hillyard & Kutas, 1983; Kok, 2001; Kutas et al., 1977; Picton, 1992). Murata et al. 
(2005) evaluated mental fatigue extracted from P3 and induced by a 180-minute visual detection 
task. Listeners were required to mentally add two three-digit numbers displayed on a computer 
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screen and enter the answer using a keyboard. P3 was recorded using an oddball task, in which 
two pure tones, 1000 and 2000 Hz, were presented to the subjects. The probabilities of the 1000 
and 2000 Hz pure tones were 0.8 and 0.2 respectively. The task was to respond to the 2000 Hz 
tone with a response switch as fast as possible. Before starting the experimental task, the 
psychological rating of fatigue was conducted and P3 was recorded as a baseline measure. The 
same psychological rating of fatigue and P3 were measured again immediately and 60 minutes 
after the completion of the 180-minue experimental task. Results showed prolonged P3 latency 
and increased mean rating score of mental fatigue immediately after the completion of the task. 
These findings are indicative of a state of fatigue in the subjects caused by the experimental task. 
Difficulty of the button-press task in the proposed study framework is manipulated by varying 
levels of background noise. P3 latency will be analyzed and prolonged P3 latency with lower 
SNRs would be indicative of increased listening effort. 
In contrast to P3, N4 (also known as N400) is a negative-going component that peaks 
approximately 400 ms after the onset of auditory stimulus. It has been linked to word recognition 
processes and, most notably, to semantic processing and integration during language 
comprehension (Hillyard & Kutas, 1983; Kutas & Hillyard, 1983). Kutas & Hillyard (1980, 1984) 
first reported the N4; participants read sentences that ended with either semantically congruent or 
anomalous words (i.e., he spread the warm bread with butter vs. he spread the warm bread with 
socks). N4 has been shown to be sensitive to semantic deviations with larger amplitudes for 
semantically anomalous (low predictability) words compared to congruent (high predictability) 
words at the sentence level (Chwilla et al., 1995; Dambacher et al., 2006; Friederici et al., 1996; 
Kutas & Hillyard, 1984; Polich, 1985). The difference in amplitude is referred to as the N4 
priming effect (Chwilla et al., 1995; Kiefer, 2002). Facilitation of processing of words that are 
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semantically integrated with the preceding word, sentence, or discourse context is believed to 
cause the reduction of N4 amplitude in highly predictable words (Chang et a., 2016). It is 
therefore widely accepted that N4 may be used to index the processes of semantic retrieval or 
integration (Kutas & Federmeier, 2011). 
The N4 priming effect has also been observed for an unexpected but semantically 
congruent word (Camblin et al., 2007; Chang et al., 2016; Coulson et al., 2005). Chang et al. 
(2016) investigated the effect of word predictability on N4. The authors manipulated the 
contextual predictability (high vs. low) of eighty disyllabic words embedded in sentences. 
Sentences that either ended with high-predictability or low-predictability but plausible target 
words were visually presented to subjects on a monitor and subjects were asked to judge whether 
the presented target words were the same as their initial predicted words that could complete the 
sentences. Results exhibited the N4 priming effect, in which low predictability words elicited a 
larger N4 than high predictability words (Chang et al., 2016). High and low predictability target 
words were included in the developed connected discourse to evaluate the effect of predictability 
in conversations and semantic processing on N4 amplitude.  
The sensitivity of N4 is not constrained to anomalous words within a context; the N4 
amplitude has been reported to be sensitive to several lexical characteristics. Van Petten & Luka 
(2006) discovered that low frequency (less commonly used) words elicit larger N4s than high 
frequency words. In reading, words with more orthographic neighbors elicit larger N4s than 
words with fewer neighbors (Holcomb et al., 2002). Moreover, concrete words elicit larger N4s 
than abstract words (West & Holcomb, 2000). Words used metaphorically also elicit larger N4s 
than words used literally (Coulson & Van Petten, 2002, 2007).  
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While sentences with semantically incongruous endings produced a more robust N4 than 
sentences with semantically appropriate endings, there was no significant difference in the 
amplitudes of P3 following N4 with sentence ending type (Polich, 1985). Polich (1985) 
examined the effect of sentence ending type on N4 and P3 by visually presenting subjects with 
eighty sentences, half of which ended with a semantically appropriate word (normal-ending 
sentences), and the other half ended with a semantically incongruent word (odd-ending 
sentences). Subjects were instructed to read the sentences silently and indicate whether the 
sentences ended in a semantically appropriate fashion by pressing one of two hand-held buttons 
as quickly and as accurately as they could, with one hand-held button representing a normal 
ending and the other button indicating an odd ending. Results revealed a more pronounced N4 
with odd-ending sentences and N4 was followed by an equally prominent P3 when subjects 
categorized sentence endings as odd or normal, regardless of the sentence ending type. In the 
proposed study framework, the amplitudes of P3 and N4 in response to low vs. high probability 
target words would be compared. 
Similar to P3, N4 is also subject to latency prolongation in the presence of masking noise 
(Connolly et al., 1992). Connolly et al. (1992) recorded N4 to the terminal words of high and low 
constraint sentences. The final word of high constraint sentences was highly predictable given 
the contextual cues (e.g., “We saw a flock of wild geese”). Low constraint sentences had more 
neutral contexts allowing for a large number of possible and, therefore, more unpredictable 
completions (e.g., “They did not discuss the screen”). Subjects were required to listen to the 
stimuli in order to make semantic judgments about the terminal word of each sentence in quiet 
and in the presence of masking noise. The SNR was set at a level such that a 33 to 50% error rate 
of responding was induced in the masked condition when tested on a normative sample prior to 
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conducting the experiment. After the end of each sentence, a target word appeared on a computer 
screen and subjects were asked to indicate whether the terminal word of the sentence was a 
member of the semantic category named by the target word with a manual button press. In 
addition to larger N4 responses elicited by the terminal words of low constraint sentences, results 
showed that N4 latency was delayed in the masked condition relative to those in the unmasked 
condition. Auditory stimuli will be presented in quiet and in the presence of background noise at 
2 levels of SNRs in the proposed framework. N4 latencies in each condition would be compared 
to assess if increased listening effort is associated with N4 latency prolongations. 
While both P3 and N4, reflective of cognitive information processing, are subject to 
amplitude reduction and/or latency prolongation with increasing task difficulty, N4 is also 
related to semantic processing with larger amplitudes for low-predictability (semantically 
congruent but unexpected) stimuli. P3 and N4 have been evaluated in response to low vs. high 
predictability targets as a function of SNR previously (Chwilla et al., 1995; Connolly et al., 1992; 
Dambacher et al., 2006; Friederici et al., 1996; Kutas & Hillyard, 1984; Polich, 1985), but the 
target words were never presented in the context of a conversation. Additionally, unlike the 
recorded restaurant noise in the developed auditory stimuli, studies in the literature all used 
either noise masker with a spectrum equal to the long-term average spectrum of speech or 
synthetically-produced multi-talker babble. It is of great interest to investigate listening effort 
with increasing level of realistic noise by comparing the difference between P3 and N4 with 
word predictability (high- vs. low-predictability), especially in connected discourse. Thus, high 
and low predictability target words are incorporated in the developed realistic stimuli and the 
masking noise used in the auditory stimuli was recorded in a real-life restaurant.  
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Subjective measures of listening effort 
In addition to physiologic and behavioral measures of listening effort, subjective 
measures are widely used to quantify a listener’s impression of the mental demands of an 
auditory task. They allow individuals to make retrospective judgment of how effortful speech 
perception and processing was during a listening task (Ohlenforst et al., 2017). However, self-
report measures of listening effort appear to index listening effort or mental exertion only 
indirectly (Downs & Crum, 1978; Feuerstein, 1992; Gosselin & Gagné, 2011). These subjective 
ratings do not correlate strongly with objective measures of listening effort (Hicks & Tharpe, 
2002; Fraser et al., 2010; Feuerstein, 1992; Mackersie & Cones, 2011; Sarampalis et al., 2009).  
Hicks & Tharpe (2002) examined listening effort with a dual-task paradigm in children 
with and without hearing loss. Subjects were involved in a word recognition task in quiet and in 
speech babble at SNRs of +20, +15, and +10 dB (primary task) where they were asked to repeat 
words from the Phonetically Balanced-Kindergarten (PBK) word lists (Haskins, 1949). For the 
secondary task, subjects had to push a button as quickly as possible in response to random 
presentations of a probe light. After each word list, subjects were asked to rate the difficulty of 
the task on a 5-point scale as a subjective measure of listening effort. Children with hearing loss 
had longer RTs in the secondary task and lower percent correct scores in the primary task than 
children with normal hearing in all noise conditions. However, while longer RTs on the 
secondary task indicated that children with hearing loss expended more listening effort than 
children with normal hearing, the two groups did not differ significantly in their self-perceived 
listening effort ratings. There were no significant differences between group self-ratings for any 
of the experimental conditions (quiet, +20, +15, and +10 dB SNR). The NASA Task Load Index 
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(NASA TLX) is included in the proposed study framework to investigate the relationship 
between objective and subjective data.  
In addition, perceived performance on tasks can influence judgments of subjective 
workload (Downs & Crum, 1978). Downs and Crum (1978) compared results of a dual-task 
measure and self-reported ratings of listening effort. They did not find a relationship between the 
self-reported measure and the dual-task results and they discovered that participants were poor 
judges of how much effort was involved in the task. Rather than judging their mental exertion 
during the task, the participants based their self-reported ratings on how well they thought they 
performed on the task. When one performs a task with a feeling of accomplishment, the 
subjective rating of listening effort might be low. In contrast, if one fails a task and feels 
subsequently depressed and frustrated, subjective workload may be high (Miyake, 2001). This 
means that perceived performance can affect the perception of listening effort. One of the 
subscales in the NASA TLX requires subjects to rate on their perceived performance in the 
experimental task. Their answers to this question would be compared to their ratings on mental 
demand and effort level to determine if their subjective perception of listening effort is 
influenced by perceived performance.  
III. Development of realistic stimuli for the evaluation of listening effort 
Three different conversations, each on a particular topic (food, animals, and locations) 
were developed. Each conversation contains both high and low probability target words (25 of 
each), with high probability target words being semantically congruent and low probability target 
words being semantically incongruent with the context of the conversation. For instance, the 
target word “coffee” in “It is 6 in the morning. I want a cup of coffee” would be a high-
probability target word, while the word “coke” in “Would you like coke in the coffee” would be 
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a low-probability target word. The incorporation of high- and low-probability target words 
allows the exploration of the effect of predictability in conversations on psychophysiological 
recordings (P3 and N4). The high and low probability target words are randomly distributed 
within the conversation and no two target words are positioned immediately adjacent to each 
other. No attempt to equalize the difficulty of the conversations was made. There is also a brief 
training conversation containing 5 low probability targets and 5 high probability targets to ensure 
that participants understand the task for the study. Full copy of the realistic stimuli is enclosed in 
Appendix A. 
Recordings of realistic stimuli and restaurant noise 
Each conversation, including the training conversation, was recorded in a quiet room 
using a Sony PCMD50 Professional Portable Stereo Digital Recorder (24 bits, 96 kHz). The on-
board stereo electret condenser microphones built in to the recorder were set to an XY pattern 
90° resulting in a 2-channel recording mixed down to a single, mono channel. The talkers were 
in a sitting position. The recorder was placed in the middle and approximately 15 inches away 
from the talkers’ mouths. The conversations on food and animals have three talkers (1 male and 
2 females) while the conversation on locations and the training conversation have two talkers (1 
male and 1 female). All three talkers are native American-English speakers.  
 
 
 
 
 
Figure 1. Setup of stimulus recordings 
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The restaurant noise was recorded using a Sony PCMD50 Professional Portable Stereo 
Digital Recorder (24 bits, 96 kHz). The on-board stereo electret condenser microphones built in 
to the recorder were set to an XY pattern 90° resulting in a 2-channel recording mixed down to a 
single, mono channel. The recordings were made in a medium-sized restaurant at full capacity 
during lunchtime which included multi-talker babble and background music with natural 
reverberation. The recordings were then edited on a digital audio workstation (DAW) comprised 
of Pro Tools 12 software on an Apple MacMini with 2.8 GHz dual-core Intel Core i5 running OS 
X El Capitan. No additional signal processing was employed. 
To measure the effect of background noise on listening effort using the realistic stimuli, 
each conversation was mixed posthoc to phantom center with the restaurant noise mixed in 
stereo at 2 SNRs (+6 and 0 relative to the rms intensity of the conversations). Signal analysis and 
processing was performed using above-mentioned DAW as well as Loudness Control by iZotope. 
The integrated loudness of the entire selection of speech stimuli and noise recordings was 
measured in Loudness, K-weighted, relative to Full Scale (LKFS). Other calculations, including 
short term (3 sec window), momentary (400 ms window) and loudness range (LRA), which is 
the overall dynamic range measured in LU (1 LU = 1 dB), were performed. Based on these 
measurements, the combined recordings were processed to either add or reduce overall gain in 
order to achieve the desired SNR. The RMS level of the noise was either 6 dB lower than the 
RMS level of the speech (SNR = +6) or at the same level (SNR = 0). There are three conditions 
for each conversation (quiet, +6 SNR, 0 SNR), resulting in a total of nine separate recordings. 
There is only a quiet condition for the training conversation. 
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IV. Description of a proposed study framework incorporating the realistic stimuli 
The stimuli developed are appropriate for use in a study of listening effort that 
incorporates ERPs, in addition to behavioral and subjective measures. Listening effort would be 
measured via ERPs (P3 and N4), a dual-task paradigm with a behavioral button-press task 
(percent correct, RT), and a qualitative measure, the NASA Task Load Index (NASA TLX) 
using the realistic stimuli.  
Setup 
Auditory stimuli for the listening effort tasks will be presented to participants in the 
soundfield through a loudspeaker located one meter in front of the subjects at 0 degree azimuth. 
The intensity of the conversations will be set to 65 dB SPL (RMS), a typical conversational level. 
This level is chosen to ensure that both the noise and speech will be audible and comfortable 
across all noise conditions. Because no attempt was made to equalize the difficulty of the 
different conversations (which would be a difficult and perhaps impossible task), topic and noise 
condition will be randomized and balanced across participants so that equal number of 
participants hears each conversation in each of the three noise conditions.  
 
Figure 2. Schematic diagram of the setup of the experiment 
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Tasks 
Listening effort will be measured using a dual-task paradigm. While their ERPs (P3 and 
N4) are concurrently being recorded, participants will listen to three different conversations, each 
on a particular topic and in increasing difficulty by varying the levels of background noise. One 
conversation will be presented in quiet and the others will be presented in restaurant noise using 
SNRs of +6 and 0 dB. They will be told that their primary task is to answer questions about the 
content of the conversation after each condition. Questions for the primary task are enclosed in 
Appendix B. They will also be given a secondary task, which is to carefully listen and press a 
button in response to high- and low-probability target words in the designated category. For 
instance, when listening to a conversation about food, they will be required to press the button 
whenever a word belonging to the food category is heard. After every conversation, participants 
will answer 4 questions about the content of the conversation. Since increased listening effort is 
reflected by declines in secondary task performance in a dual-task paradigm (Downs, 1982; 
Howard et al, 2010), the button-press task is selected as the secondary task in the proposed study 
framework, and percent correct and reaction time of the button-press task will be used to 
measure listening effort. All recordings will be completed in one session. Topics of the 
conversations will be counterbalanced and stimulus presentation order will be randomized to rule 
out order effect. 
It is common to ask listeners to place equal weight on the speed and accuracy of their 
button press responses, as in Whiting et al. (1998). In a simple oddball condition, P3 peak 
latency typically occurs later than RT, as shown in Whiting et al. (1998), but primarily when 
speed is emphasized for the button-press task (Kutas et al., 1977). When subjects are asked to 
respond as quickly as possible, they may take a chance on being wrong and initiate their 
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responses before the stimulus is fully evaluated (Kutas et al., 1977). However, when accuracy is 
stressed over speed, RT tends to follow the peak latency of P3 (Picton, 1992). Thus, it has been 
suggested that RT reflects the decision itself and P3 relates to the post-decision evaluation of the 
deviant stimulus within a series of standard stimuli (Hillyard & Kutas, 1983; Picton, 1992; 
Whiting et al., 1998). Participants in the proposed study will be instructed to place equal weight 
on the speed and accuracy of their button-press responses. 
The dual-task paradigm in the study has been modified from previous studies such that 
both tasks – answering questions on the content of the conversation and pressing button in 
response to target words – will be delivered in the auditory modality. High listening effort 
requires greater cognitive resources and is associated with reduced performance on the secondary 
task (Howard et al, 2010). As a result, both percent correct and RT for the button-press task will 
be examined simultaneously with the ERP measures to assess listening effort. Measures of mean 
RT, and number of hit, false alarm, and miss trials will be obtained, and percent correct scores 
will be calculated. Listening effort is defined as the reduction in percent correct scores of the 
secondary task in the presence of background noise. RT is defined as the time from the onset of 
the stimulus to the initiation of a motor response (i.e., button press), and thus provides a measure 
of the speed of signal processing (Gatehouse & Gordon, 1990; Wright et al., 1981). The 
difference in RT for the button-press task in quiet compared to when it is combined with 
background noise defines listening effort. An increase in RT is related to increased listening 
effort (Gatehouse & Gordon, 1990; Mackersie et al, 2000; Hicks & Tharpe, 2002; Sarampalis et 
al, 2009; Gosselin & Gagné, 2011).  
According to Whiting et al. (1998), the addition of a broadband noise masker resulted in 
slowing of brain processes associated with significant reaction time shifts in a stimulus 
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discrimination task even though behavioral percent correct scores were above 90%. As a result, 
the authors deduced that reaction time measures are more sensitive than percent-correct scores, 
indicating performance decrements even when percent correct scores suggest no change. Both 
reaction time and percent correct scores will be assessed in the proposed framework to see if 
results will be similar to Whiting et al. (1998).  
Auditory evoked potential recording 
Auditory evoked potentials will be recorded from 64 electrode sites using an electrode 
cap with a common ground at between Fz and FCz and referenced to an electrode on the tip of 
the nose. An eye channel will be used to monitor eye movements and eye blinks. Electrode 
impedances will be maintained below 5kΩ during the recording sessions. The ongoing EEG will 
be digitized (1000 Hz), amplified (1000x), filtered (0.15-100 Hz) and saved for post-hoc 
processing. Before averaging, the continuous recording will be epoched (-100 to 899 ms) and 
processed offline in several ways: baseline correction on the entire sweep, digital filtering in the 
frequency domain (1-30 Hz band-pass filter, 12 dB/octave), and artifact rejection (+100 V for all 
channels). After modeling and removing eyeblink activity, data will be averaged for each 
participant and responses to high probability and low probability targets will be averaged 
separately. Measures will include peak latency and peak amplitudes of the P3 and N4 
components. Grand mean waveforms will be computed across all participants as a function of 
target probability (high/low) and noise condition (quiet, +6 SNR, 0 SNR).  
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Figure 3. 64-channel electrode cap 
The use of high- and low-predictability target words belonging in the conversations aims 
at eliciting both P3 and N4. P3 will be elicited by each correctly identified target word, 
regardless of word predictability. With the evidence of N4 priming effect shown in previous 
studies (Chang et al., 2016; Chwilla et al., 1995; Connolly et al., 1992; Dambacher et al., 2006; 
Friederici et al., 1996; Kutas & Hillyard, 1984), the amplitudes of N4 elicited by low-
predictability but plausible target words are proposed to be larger than that elicited by high-
predictability target words.  
Supplemental measure 
After each condition and the measurement of the ERPs has been finished, participants 
will also complete a qualitative measure, NASA Task Load Index (NASA TLX), that assesses 
their subjective ratings of listening effort induced by the experimental task (Käthner et al., 2014; 
Mackersie & Cones, 2011; Mackersie et al., 2015; Ullsperger et al., 2001). The questionnaire 
queries the perceived level of performance on each task as well as the level of effort participants 
expend to complete the task. Specifically, participants will be asked to rate their mental demand, 
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physical demand, temporal demand, effort, and frustration level from “very low” to “very high”. 
They will also be asked to report how well they think they performed from “perfect” to “poor.”  
This rating scale has been shown to have good correlation with the difficulty level of a 
behavioral task (Miyake, 2001). Given that participants were reported to base their self-reported 
ratings on how well they thought they performed, instead of on their mental exertion during the 
task (Downs & Crum, 1978), this particular rating scale is chosen because it questions 
participants on how much effort they expend on each condition based on six categories, 
including mental demand (MD), physical demand (PD), temporal demand (TD), performance (P), 
effort (EF), and frustration level (FR).  
Comparison can be made on psychophysiological measures of listening effort with 
subjective scale estimates and dual-task measures of listening effort for the button-press task at 
various SNRs. The relationship among the three measures of listening effort will be examined. 
The Weighted Workload (WWL) score, obtained by averaging all six components of NASA-
TLX, and the average score of MD, TD, and EF subscales of NASA-TLX, which will be labeled 
as the TLX-MTE (Mental, Temporal and Effort) score, will be calculated. Miyake (2001) 
compared three physiological parameters and a subjective questionnaire on listening effort 
through the use of various behavioral tasks. According to Miyake (2001), the TLX-MTE score 
was designed according to the Subjective Workload Assessment Technique (Reid & Nygren, 
1988), which contains three dimensions, i.e. Time Load, Mental Effort Load and Psychological 
Stress Load. The Time Load is identical to TD while Mental Effort Load is similar with MD and 
EF. Although the Psychological Stress Load may be equivalent to the FR subscale in NASA-
TLX, it was not included in the TLX-MTE score in the Miyake (2001) study because the 
frustration level rated after the task might be biased by the task result, i.e. success or failure. 
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While there was a discrepancy between physiological parameters and the subjective workload 
evaluations by WWL, the TLX-MTE scores correlated with the three physiological parameters 
(Miyake, 2001). These results suggested that the PD, P, and FR subscales in the NASA-TLX did 
not covary with the physiological responses recorded during task performance. Similar results 
will be proposed, where only the TLX-MTE score will be correlated with the P3 and N4 data.  
The correlation between perceived performance and subjective ratings of listening effort 
can also be determined in the subjective questionnaire. The performance subscale of NASA-TLX 
queries participants on how well they feel they perform on each condition. Whether participants’ 
perceived performance is associated with their self-reported listening effort can then be 
investigated.  
V. Pilot data 
The proposed study was run on a normal-hearing female subject. Prior to the experiment, 
her pure tone thresholds were obtained at octave frequencies from 250 to 12500 Hz bilaterally 
using the ASHA procedure (ASHA, 2005) to ensure normal hearing in both ears at the respective 
frequencies. Normal middle ear function was confirmed with tympanometry and present 
ipsilateral acoustic reflexes at 1000 Hz bilaterally. Normal tympanometry is defined as type A 
tympanogram with normal tympanometric peak pressure (-50-+50 dapa), normal ear canal 
volume (0.3-2.5 mmho), and normal admittance (0.39-1.3 mmho). She is a monolingual native 
English speaker and has no history of neurologic or learning problems.  
The subject listened to the conversation on animals in quiet. She was instructed that her 
primary task was to answer questions about the content of the conversation and her secondary 
task was to press a button in response to target words related to animals. Two runs of the same 
conversation and listening condition (in quiet) were completed with a 10-minute break in-
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between. Measures of RT and percent correct of the button-press responses were obtained 
simultaneously with the ERP measures. After each run, the subject was asked to complete the 
self-report questionnaire, the NASA Task Load Index (NASA TLX) to assess her subjective 
ratings of listening effort induced by the experimental task.  
Results  
 The subject was able to answer the questions for the primary task with 100% accuracy 
after each run. Measures of RT of the button-press responses revealed an average of 609.7 ms to 
high probability target words and an average of 650.15 ms to low probability target words. The 
average percent correct of the button-press responses for high probability target words was 96% 
and that for low probability target words was 92%. N4 could be identified under electrode Pz at 
500-600 ms, as shown in figure 4. It is anticipated that the addition of noise would reduce 
performance. 
 
 
 
 
Figure 4. Identification of N4 for electrode Pz 
High probability target 
words 
 
N4 to low probability target words 
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 For the NASA-TLX, the subject rated mental demand, temporal demand, and frustration 
level at neutral (4/7), physical demand at very low (1/7), performance at near-perfect (2/7), and 
effort at low (3/7) for both runs. 
VI. Discussion 
A novel approach using connected discourse is developed to evaluate listening effort in 
varying levels of background noise. The presentation of realistic conversations in restaurant 
noise is a more ecologically-valid approach to the evaluation of listening effort as the use of real-
life conversations involving multiple people requires subjects to manage a larger cognitive load 
and involves higher language functions. It is also more practical in assessing the perception of 
listening effort of an individual as a speech listener.  
 Restaurant is a common listening environment where adults with or without hearing loss 
often complain of having difficulty in. Thus, it is more realistic to evaluate the perception and 
processing of connected speech in recorded restaurant noise. Feasibility of the stimuli was 
examined with use of the proposed study framework on one normal-hearing subject. Results 
revealed successful identification of N4 on electrode Pz. However, excessive noise was noted. It 
is anticipated that the addition of restaurant noise would reduce performance. More data should 
be collected to determine if the realistic stimuli developed in the present study are applicable as 
another means to measure listening effort.  
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Appendix A – Realistic Stimuli 
Practice test 
 
High probability 
Low probability  
 
A: It is 6 in the morning. I want a cup of coffee. 
B: Would you like coke in it? 
A: I’ll have milk in it. I like to make it sweet. Please add pepper for me. I am also hungry; I 
would like a bagel too. I am thinking of having ice cream on it.  
B: Anything else? 
A: Can you put bacon in it too? Wait, for breakfast I would like to get steak. 
B: we don't have that. Would you like some pancakes? 
A: Sure, can I have spinach on them? 
B: We don't have that. 
A: It’s okay.  
 
Conversation I: Food  
High probability 
Low probability  
 
Erica (E) and Jonathan (J) are deciding where to eat. 
E: I feel like having Chinese food. Are you in the mood for tarts?  
J: not really. 
E: what about pizza? 
J: Last time I went to a Greek restaurant somewhere around here and their sushi was the best. 
Their burger was luscious.  
E:  Let’s just go into this Italian restaurant. It’s convenient. 
 
Waiter (W): Let me talk about today’s special. We have ravioli. I also highly recommend our 
famous penne. 
E: What kind of cheese do you use on the pasta? 
W: What kind do you prefer? 
E: Parmesan would be fine 
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J: I would like a piece of ginger.  Oh can I have some brownies? 
E: Jonathan, we are ordering the main course right now. 
J: In that case, can I have beer? I would also like some beans. Oh wait! I am craving sushi. 
Maybe with mint. Do you have that? 
W: This is an Italian restaurant. What about pizza? We bake it with sauce. 
J: I want curry too. 
E: Is that even on the menu? 
J: Jelly would be appreciated. 
W: Would you consider calamari? 
J: Guacamole sounds good, with extra ice please.  
E: No, remember. They serve Italian food. 
J: Oh okay, I will have steak then. 
E: The food was so good. Now I am thirsty. I would like some juice.  
W: Would you like tea? 
E: Umm… do you have one with chips? 
W: I am sorry. We do not offer that. Would you like to order one on our menu? 
E: Anything with peas? 
W: Unfortunately not. Perhaps you can have water? 
E: I want a smoothie. Can I add shrimp in it? 
W: I will try. 
J: I would like to order dessert. Do you have steak?  
W: No, we don’t. I highly recommend the cake.  
E: What is in it?  
W: You will be surprised. A layer of custard. On top of that, we have a layer of pork. 
E: Okay, we will have that.  
E: Would you like to have breakfast together tomorrow? 
J: Sure. Do you know what I had for breakfast this morning? The meatloaf was yummy. 
E: I know there is a breakfast place near your house that is really good. Maybe we can go there 
tomorrow. I am thinking of having a salad with lettuce. I would like kale too. And for the 
dressing, I want coke.  
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J: Yeah! I will have bread tomorrow in that place. I am going to have it toasted with jam. I have 
the menu open on my phone right now. Maybe I should get a roll.  
E: I am going to have a roll too. It looks delicious in the picture.  
J: I had an omelet last time I went. I think I will get one with oreos this time. Maybe with cream 
too. And also a bowl of cereal.  
E: In your cereal, maybe you can add beef and chicken.  
J: The combination sounds weird. Have you tried that before? 
E: It tastes the best! 
 
Conversation II: Animal 
High probability 
Low probability  
 
A: Oh, you just have to see my dog that I bought at the pet store yesterday!  I walked in there, 
and just had to have her.  She is just too cute!   
B: Wow, I am looking for a dog.  Maybe I will try that store.  Where is it? 
A: It is right around the corner. Do you want to go now? I don't mind visiting the dogs. 
B: Sure. 
Employee (E): Welcome. What kind of animal are you interested in getting? 
A: I hear barking. Where are the dogs?  
E: They are to your left. You can take a look. 
B: that poodle is cute. Kate, what did you get yesterday? 
A: I got a doggie. Maybe I should get another one to keep him company. He is probably lonely 
staying at home all day. 
B: Yeah. You should get him a friend. Do you wanna get a starfish?  
A: I have no idea. I have always wanted a pug but I haven’t found one that I like yet.  
E: You can take a look in our store. 
B: I am an avid keeper of fish and am thinking of getting an angelfish. 
E: I can show you our fish collection. We just got some pretty goldfish yesterday.  
B: I changed my mind. Besides fish, what do you have that lives in a water tank? I actually 
would like to get a fox. Do you have any recommendations on the specific kind that I should get? 
E: that is not a typical pet. A typical one would be a lion. Or what do you think about cats?  
A: Cats are adorable. You should get one. They are easy to take care of too. 
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B: I want to get something special. Perhaps a dragon. But the ceiling of my apartment is not high 
enough. 
A: The ceiling in your apartment is so low. A giraffe would probably fit. Oh you should get 
unicorns! 
B: Let me think. Do you have penguins by any chance? 
E: Unfortunately we don’t. Do you prefer small animals like a bunny? Or you can get something 
as small as an ostrich? 
B: My house is big and it can accommodate large animals so size of my future pet is not a 
problem. I can get something as big as a hamster. My house is always humid and hot though. 
What would be suitable for me to get? 
E: your house will be suitable for polar bears and we do have them. 
A: Do you have koalas? They are so cute. I heard they sleep 23 hours a day.  
B: What about a horse?  
E: No, we don't. 
B: What about a raccoon? 
A: Why don't you get something more typical? Maybe a dolphin? 
B: I will need a large tank for that. 
A: You can have a smaller tank with an elephant. If you want a small pet, you may like what 
Evelyn got last week. 
B: What did Evelyn get? 
A: She got a tiny rabbit.  
B: At the pet store do you have any deer here? 
E: No, we don't. I don't think you can commonly see them in a pet store. We do have zebras if 
you are interested.  
B: I am interested in getting a snake. 
E: I can show you our snake collection. It’s over here. 
B: Wait, I know what I want. I want a seal! 
A: I don't think you can get them easily in a pet store. 
E: We don't. I can help you look online for some places that do sell them. 
B: Forget it. I will just look for something here. I haven’t really made up my mind on what to get 
actually. Maybe a bird. A friend of mine has one.  
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E: I can show you. We have all kinds of birds. Do you want one that can talk to you? A parrot 
can talk and sing. 
A: My favorite kind of bird is a crocodile. That's too dangerous for your daughter though. 
E: We don't have that here unfortunately. 
A: Didn’t you use to own a spider? What was his name? Pete right? What happened to him? 
B: He died two months ago. I guess I did not feed him well. Should I get another spider? 
A: Yeah. You should get more than one so they can play with each other. Or you can get 
something similar in size as a spider so you can put them in the same box.  What about getting an 
ape? Wait…how about a panda? 
E: We do not have either of that. 
A: I think you just want a small pet. What about a cow? 
B: I don't care about the size. I can get something as small as a bear. 
A: Since size is not a problem and you want something big, what about a snail? 
B: I was thinking of getting a swan. It’s my daughter’s favorite animal.  
 
Conversation III: Location – A trip to Europe 
High probability 
Low probability  
 
A: You have to tell me about your vacation. Where did you go again? 
B: I spent a month in Europe. It was fun and I traveled a lot of places. The weather was perfect 
and the food was awesome in India. Next time when you have a chance to go to Europe again, 
you have to go to Hong Kong also. I started my trip in Switzerland. Then I went to Austria. 
a: when you were there, did you go to Greece? 
B: Yes, I stayed in Yemen for a few days. Then I went to Athens. Let me show you some 
pictures of the Parthenon. After that, I took a train to Brooklyn. This is the picture of Egypt. Isn’t 
it stunning? 
A: Where else did you go in Europe? 
B: I also went to Hungary. If you happen to go there, you should go to Iowa too.  
A: Where else did you go in Europe? Did you go to New Jersey?  
B: No, I did not. I went to Africa. I was lucky enough to see the animal migration during the 
days I was there. I took a video of it. Here it is! 
A: That was amazing. I assume while you were in Europe you went to Italy too right? 
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B: Yes! I went to Milan.  
A: I went there once too. It involved lots of walking though. I was busy shopping last time I went 
there. While you were there, did you go to Panama? 
B: No. I then took a train to Vietnam.  
A: You could get there by train? Isn’t it really far from Italy? 
B: It was just an overnight train but it wasn't that bad. Paris isn’t that far from Italy.  
A: It is the most romantic city in the world.  
B: It is indeed! When I was there, I went to Yellowstone and took thousands of pictures of the 
canyons and rivers.  
A: You must have also been to Belgium right? I know it has been your childhood dream to visit 
there. 
B: It was the best part of the trip. Grand Canyon there was phenomenal. I took millions of 
pictures when I was there. I also went to Finland and had the best encounter with Santa Claus.  
A: What about Britain? I have seen lots of pictures of it but I am sure it is much more astounding 
to see with the naked eye.  
B: These pictures can’t do justice to its beauty. You have to visit there one day and you will 
understand what I mean. Then I went to Seattle. 
A: What did you do there? 
B: I visited Dallas and tried the best Korean food. 
A: Did you go to New York at night? 
B: I would regret it for life if I didn't.  Poland was my next stop. I spent a day in Forest Hills.  
A: Did you go to Phoenix? 
B: Yes I did. I also went to Nashville. I was exhausted at the end of the day and needed a day 
after to rejuvenate. So I just hung out at a beach in Ireland the next day. Then I took a 6-hour bus 
to Boston. It was fun. I then flew to Denmark.  
A: Did you go to Austin? 
B: No I didn't. I did go to Norway though. 
A: Where is that? 
B: Not many people know about this place. It is in Providence. I can send you the address if you 
are interested.  Germany was my last stop. 
A: What is famous there? 
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B: You have to go to Maine.  
A: I have heard of it. A couple of my friends went there and also highly recommended it. Is it by 
Portland?  
B: Yes. I stayed at Frankfurt for the last few days before I flew back.  
A: Were you busy shopping or you just relaxed in Japan? 
B: I walked around the city and took some pictures. This is a picture of me at the top of a tower 
in Vancouver. 
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Appendix B – Primary task in dual-task paradigm 
 
Conversation I: Food  
1. What kind of restaurant did they end up dining at? Italian  
2. What was the restaurant special? Ravioli or steak? Ravioli  
3. What did Jonathan get for main course? Steak  
4. What did Erica want for drinks? Smoothie  
5. What did they get for dessert? Cake  
6. According to the waiter, the recommended cake has a layer of pork and a layer of what? 
Custard   
7. What did they plan to do the next day? Have breakfast 
8. Is Jonathan planning on getting cereal? Yes  
 
Conversation II: Animal 
1. What did A get the day before they went to the pet store together? A dog 
2. Was the ceiling of B’s apartment high or low? Low  
3. Does the pet store have a snake collection? Yes  
4. What is A’s daughter’s favorite animal? Swan  
5. What was B an avid keeper of? Fish  
6. What did B use to have which died two months ago? Spider  
7. What was the name of B’s spider? Pete  
8. Did B care about the size of the animal? No  
 
Conversation III: Location – A trip to Europe 
1. Where did B travel? Europe  
2. Where in Italy did B go? Milan  
3. Did B go to Norway? Yes  
4. Where did B stay for the last few days before she flew back? Germany Frankfurt  
5. How long was B’s trip? A month  
6. Did B go to Greece?  Yes  
7. Which country was B’s childhood dream to visit? Belgium  
8. Where was the picture of B at the top of a tower taken? Vancouver  
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Appendix C – NASA Task Load Index (NASA TLX) 
Subject #: ___________    Date: __________________ 
Condition:     Quiet           +6 SNR           0 SNR 
 
Mental demand 
How much mental and perceptual activity was required (e.g. thinking, deciding, calculating, 
remembering, looking, searching, etc.)? 
 
Very Low   Neutral   Very High 
1 2 3 4 5 6 7 
 
Physical demand 
How much physical activity was required (e.g. pushing, pulling, turning, controlling, activating, 
etc.)? 
 
Very Low   Neutral   Very High 
1 2 3 4 5 6 7 
 
Temporal demand 
How much time pressure did you feel due to the rate of pace at which the task elements occurred? 
Was the pace slow and leisurely or rapid and frantic? 
 
Very Low   Neutral   Very High 
1 2 3 4 5 6 7 
 
Performance 
How successful do you think you were in accomplishing the goals of the task? How satisfied 
were you with your performance? 
 
Perfect   Neutral   Poor 
1 2 3 4 5 6 7 
 
Effort 
How hard did you have to work (mentally and physically) to accomplish your level of 
performance? 
 
Very Low   Neutral   Very High 
1 2 3 4 5 6 7 
 
Frustration level 
How insecure, discouraged, and stressed did you feel during the task? 
 
Very Low   Neutral   Very High 
1 2 3 4 5 6 7 
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